We have previously investigated the diverse levels of disruption caused by Zn(II)BLMs with different C-termini to DNA hairpins containing 5 -GC-3 and 5 -GT-3 binding sites. The results of this investigation indicated that both the DNA-binding site and the bleomycin C-termini have an impact on the final conformation of the aforementioned hairpins in the drug-target complexes, as suggested by the different sets of intramolecular NOEs displayed by both oligonucleotides when bound to each Zn(II)BLM. The NMR signals elicited by 1 H nuclei in the oligonucleotide bases and sugar moieties were also affected differently (shifted upfield or downfield in various patterns) depending on the BLM C-termini and the binding site in the oligonucleotides. The overall conclusion derived from the precedent research is that the spatial conformation of target DNA segments in DNA-Zn(II)BLM complexes could be forged by interactions between drug and DNA that are guided by the DNA binding site and the BLM C-termini. The present study focuses on the structural alterations exhibited by Zn(II)bleomycin-A 2 , -B 2 , -A 5 and Zn(II)peplomycin molecules upon binding to the previously studied hairpins. Our main goal is to determine if different spatial conformations of the drugs in their DNA-bound forms are found in drug-DNA complexes that differ in the oligonucleotide binding site and BLM C-termini. Evidence that suggest that each Zn(II)bleomycin is structurally affected depending these two factors, as indicated by different sets of intramolecular NOE connectivities between drug protons and diverse patterns of shifting of their 1 H-NMR signals, is provided.
Introduction
Bleomycins (BLMs) compose a family of glycopeptide-derived antibiotics produced by Streptomyces verticillus [1] . BLMs have been used as chemotherapeutic agents in the clinical treatment of a wide spectrum of cancers, and their antitumor activity is generally proposed to be related to cleaving single-stranded or double-stranded DNA in carcinoma cells [2] [3] [4] . The overall structure of these agents can be thought of as containing four distinct regions ( Figure 1 ): the metal binding domain (D1), which is responsible for metal binding [5, 6] , oxygen activation [5, [7] [8] [9] , and site-selective DNA cleavage [6, 10] ; the peptide linker (D2); the DNA binding domain (D3), containing a bithiazole moiety and the C-terminus, which provides the majority of the DNA binding affinity [11, 12] ; and the disaccharide moiety (D4), which influences metal ion binding [6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and is proposed to be a tumor-targeting unit [25] . Although successful in the treatment of certain cancers, BLMs are associated with pulmonary toxicity, and extensive research is required to lower this risk to patients [16] . Biological studies performed by Raisfeld et al. [26] [27] [28] [29] [30] [31] have linked the cause of pulmonary toxicity to the BLM C-termini (tails). Blenoxane, introduced in 1972, is the clinically used combination of BLMs, with the major components being BLM-A2 and -B2. Over 300 BLM analogs have since been developed with the hope of lowering the risk of pulmonary toxicity and achieving high levels of antitumor activity [32] [33] [34] .
Research work on the interactions of various metallo-BLMs (MBLMs) with DNA fragments have generated abundant evidence indicating that the mode of binding of MBLMs to DNA is sensitive to various factors. These factors could include the DNA binding site, the DNA base sequence, the metal center bound to BLM, and the C-terminus of the drug. Different specific binding interactions between drug and target have been reported [35, [36] [37] [38] [39] [40] [41] [42] [43] [44] ; and various modes of binding of the bithiazole unit to different DNA fragments have been described including minor groove binding [35, 37, 45] , and partial [40, 42, 43] or total [46] intercalation.
Most of the available research on MBLMs bound to DNA fragments focus on the structure of the full drug-target complex, and briefly mention how the MBLM molecule is affected upon binding to DNA. Manderville et al. showed that there are differences between the structural changes of Zn(II)BLM-A2 and Zn(II)BLM-A5 upon complexation with a DNA fragment with a 5′-GC-3′ binding site, and that the structure of Zn(II)BLM-A5 was more disrupted than that of Zn(II)BLM-A2 after binding [37] . Vanderwall et al. showed that when HOO-Co(III)BLM-A2 was bound to DNA fragments with either the 5′-GC-3′ and 5′-GT-3′ binding sites there were little differences in the structural changes to the Zn(II)BLM [38] . Some of the available studies have briefly examined the influence DNA has on the MBLM structure, focusing almost exclusively on the bithiazole (Bit) and the β-hydroxyhistidine (Hist) moieties in BLM [35, [36] [37] [38] [39] 47, 48] . Additionally, the BLMs used in these studies are limited, with the majority using MBLM-A2 [35, [36] [37] [38] [39] [40] [41] [42] [43] 47] , and some investigating MBLM- Although successful in the treatment of certain cancers, BLMs are associated with pulmonary toxicity, and extensive research is required to lower this risk to patients [16] . Biological studies performed by Raisfeld et al. [26] [27] [28] [29] [30] [31] have linked the cause of pulmonary toxicity to the BLM C-termini (tails). Blenoxane, introduced in 1972, is the clinically used combination of BLMs, with the major components being BLM-A 2 and -B 2 . Over 300 BLM analogs have since been developed with the hope of lowering the risk of pulmonary toxicity and achieving high levels of antitumor activity [32] [33] [34] .
Research work on the interactions of various metallo-BLMs (MBLMs) with DNA fragments have generated abundant evidence indicating that the mode of binding of MBLMs to DNA is sensitive to various factors. These factors could include the DNA binding site, the DNA base sequence, the metal center bound to BLM, and the C-terminus of the drug. Different specific binding interactions between drug and target have been reported [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] ; and various modes of binding of the bithiazole unit to different DNA fragments have been described including minor groove binding [35, 37, 45] , and partial [40, 42, 43] or total [46] intercalation.
Most of the available research on MBLMs bound to DNA fragments focus on the structure of the full drug-target complex, and briefly mention how the MBLM molecule is affected upon binding to DNA. Manderville et al. showed that there are differences between the structural changes of Zn(II)BLM-A 2 and Zn(II)BLM-A 5 upon complexation with a DNA fragment with a 5 -GC-3 binding site, and that the structure of Zn(II)BLM-A 5 was more disrupted than that of Zn(II)BLM-A 2 after binding [37] . Vanderwall et al. showed that when HOO-Co(III)BLM-A 2 was bound to DNA fragments with either the 5 -GC-3 and 5 -GT-3 binding sites there were little differences in the structural changes to the Zn(II)BLM [38] . Some of the available studies have briefly examined the influence DNA has on the MBLM structure, focusing almost exclusively on the bithiazole (Bit) and the β-hydroxyhistidine (Hist) moieties in BLM [35] [36] [37] [38] [39] 47, 48] . Additionally, the BLMs used in these studies are limited, with the majority using MBLM-A 2 [35] [36] [37] [38] [39] [40] [41] [42] [43] 47] , and some investigating MBLM-A 5 [37] , MBLM-B 2 [46] and metallo-PEP [49] . Although the precedent work has provided the scientific community with important information regarding DNA-MBLM interactions, the multiplicity of DNA fragments, metal centers, and BLM C-termini used makes it difficult to generalize the findings.
We have previously performed two studies to determine the significance of various factors that could influence the final conformation of target DNA segments in Zn(II)BLM-DNA triads, using DNA hairpins of sequences 5 -AGCCTTTTGGCCT-3 (OL 1 ) containing a 5 -GC-3 binding site [50] and 5 -CCAGTATTTTTACTGG-3 (OL 2 ) containing 5 -GT-3 binding site [51] . The first study entailed investigating the effect that the BLM tails have on the binding of Zn(II)BLMs to a DNA hairpin of containing the 5 -GC-3 binding site. The second study tested the role of the DNA binding site (5 -GC-3 or 5 -GT-3 ) in the relative spatial arrangement of the Zn(II)BLM-target complexes. The results of this work indicated that both the DNA-binding site and the bleomycin C-termini have an impact on the final conformation of the aforementioned hairpins in the drug-target complex, as suggested by the different sets of intramolecular NOEs displayed by both oligonucleotide (OLs) when bound to each Zn(II)BLM. The NMR signals elicited by 1 H nuclei in the OL bases and sugar moieties were also affected differently (shifted upfield or downfield in various patterns) depending on the BLM C-termini and the binding site in the OLs. The work presented herein has the goal of determining if the BLM chemical structure and the DNA binding site affect the conformation of Zn(II)BLM molecules in their OL1-and OL2-bound states. These studies all involve a Zn 2+ metal center. Zn(II)BLMs maintain the same ligands that participate in chelation as Fe(II)BLMs [14, 15, [20] [21] [22] [23] which, in the presence of oxygen, becomes HOO-Fe(III)BLM, the activated form of the MBLM proposed to cleave DNA in vivo. Due to the potential for DNA cleavage and paramagnetic nature of MBLMs containing the Fe(III) ion, Zn(II)BLMs are, in our opinion, the best diamagnetic inactive models for Fe(II)BLM, which is the next MBLM to be studied in our laboratory to determine the relevance of the metal center in MBLM-DNA interactions. The DNA base sequences were selected to be very similar to those used on studies of MBLMs bound to various DNA fragments with the aim of comparing our results to those of other researchers on the field. Due to the short lengths of various oligonucleotide previously reported in the available literature, and their self-complementarity, we decided to use DNA hairpins in order to guarantee that the BLM-binding site was located in a double-stranded region of the DNA segment, while keeping the OL at minimum complexity for the sake of NMR data analysis. The selected hairpins still contain the important inter-strand interactions found in double-stranded DNA, and therefore are a valid test models. In our previous work on the conformational changes exhibited by OL1 [50] and OL2 [51] in the presence of various Zn(II)BLMs we confirmed that the free OLs display sets of interand intra-strand NOEs that indicate normal double-stranded structures crowned by loops. We present here the structural changes the Zn(II)BLM molecules suffer upon binding to these hairpins.
Results
The 1 H-NMR signals elicited by free Zn(II)BLM-A 2 , -A 5 , -B 2 , and Zn(II)PEP were assigned using COSY, TOCSY, and NOESY spectra acquired in H 2 O at 5 • C. These assignments are collected in Supplementary Table S1 . The NOESY spectra of these Zn(II)BLMs bound to OL 1 and OL 2 (Supplementary Figures S1-S4) acquired in H 2 O at 5 • C previously examined [50, 51] were analyzed this time to identify the signals generated by the bound Zn(II)BLMs, and investigate the effects that OL complexation has on the conformation of each Zn(II)BLMs. The spectra acquired for all Zn(II)BLM-DNA triads in D 2 O at both 5 • C and 25 • C and in H 2 O at 25 • C [50, 51] were also used for confirmation of some of the peak assignments. The work described herein looks at the structural changes of the entire Zn(II)BLM molecule upon binding to the OLs, and allows for comparability between the different Zn(II)BLMs studied and the preferential binding sites in DNA.
Our previous studies on the Zn(II)BLM-DNA triads [50, 51] show that Zn(II)BLMs are bound to both OLs through the analysis of one-dimensional (1D) 1 H-NMR spectra at both 5 • C in H 2 O and 25 • C in D 2 O. The proton signals in the imino region for the OLs are significantly affected in both studies, exhibiting downfield shifting and broadening for both OLs. The bithiazole (Bit) and β-hydroxyhistidine (Hist) ring protons of the Zn(II)BLMs also shift and broaden upon binding, and are essential when investigating the potential binding mode of the drugs to DNA [50, 51] . As previously reported and shown in Table 1 , the Bit aromatic signals in each Zn(II)BLM exhibit changes upon complexation to the OL1. In all cases, there is broadening and shifting of these signals for each Zn(II)BLM-OL1 triad indicating binding to OL1. However, there are differences in their behavior depending on the Zn(II)BLM bound. The Zn(II)BLM-A 5 -OL1 triad exhibits large downfield shifting for the CH5 and CH5 protons, with the -A 2 -OL1, -B 2 -OL1, and PEP-OL1 triads displaying upfield shifts in decreasing order, respectively [50] . Upon complexation of Zn(II)BLM-A 2 and Z n(II)PEP to OL2, the Bit ring protons also experience broadening and shifting. Examination of the ∆δ values shown in Table 1 indicates that the Bit signals have a greater upfield shift in OL 2 -bound Zn(II)PEP than in the Zn(II)BLM-A 2 -OL2 triad [51] . This trend is opposite to that exhibited by the same signals in the OL1 triads. [2] [3] [4] [5] . Another interesting result is that some of the signals experience a significant shift for only one of the triads. Additionally, the Methylvalerate (Val) C α H and the C α H 2 aliphatic protons in Bit exhibit significant shifts for all triads. Most of the available structural work on MBLM triads formed with DNA fragments focus on the Bit and Hist moieties. Our results show that most of the Bit moiety protons shift upfield, with the exception of the Bit NH proton, for all complexes. However, the degree and direction of this shifting is dependent upon the triad. The Hist ring protons, C2H and C4H, move downfield for all complexes with different degrees of shifting. These shifts show that although all Zn(II)BLMs studied share the same D1, D2, and D4, each of them is impacted differently, in terms of ∆δ, based on the chemical structure of the C-terminus and the binding site in the OLs.
Using schematic diagrams, we illustrate which Zn(II)BLM protons experience significant shifts upon binding to OL 1 and OL 2 , based on the results shown in Table 1 . Figure 2 shows the Zn(II)BLM protons that experience significant shifts (red circles) in the OL 1 triads. Figure 3 shows the Zn(II)BLM protons that experience significant shifts (green circles) in the OL 2 triads. The protons circled in purple were assigned in the free form of the Zn(II)BLMs, but could not be assigned in their OL-bound forms. Figures 2 and 3 schematically show that both, the BLM tail and the binding site in DNA have an effect on the magnetic and/or chemical environment experienced by some protons in the Zn(II)BLMs. It is important to indicate that the NMR signals of most of the Zn(II)BLM sugar protons could not be assigned due to significant overlap with the signals coming from the sugar moieties in OL 1 and OL 2 . [50, 51] ; d Red labels indicate tail protons for each Zn(II)BLM. Table 1 also displays the Δδ values between the free and OL-bound forms of Zn(II)BLM for protons in other moieties of the BLM molecules that experience significant shifts (Δδ ≥ 0.04 ppm) upon complexation to OL1 and OL2. It is clear from this table that, when bound to the OLs, each Zn(II)BLM experiences a wide range of significant shifts from their original positions in the free forms. Additionally both upfield and downfield shifts are observed. For some protons, the preferential binding site (5′-GC-3′ (OL1) vs. 5′-GT-3′ (OL2)) influences the direction and magnitude of the shift (Table 1 , columns 2-5). Another interesting result is that some of the signals experience a significant shift for only one of the triads. Additionally, the Methylvalerate (Val) C α H and the C α H2 aliphatic protons in Bit exhibit significant shifts for all triads. Most of the available structural work on MBLM triads formed with DNA fragments focus on the Bit and Hist moieties. Our results show that most of the Bit moiety protons shift upfield, with the exception of the Bit NH proton, for all complexes. However, the degree and direction of this shifting is dependent upon the triad. The Hist ring protons, C2H and C4H, move downfield for all complexes with different degrees of shifting. These shifts show that although all Zn(II)BLMs studied share the same D1, D2, and D4, each of them is impacted differently, in terms of ∆δ, based on the chemical structure of the C-terminus and the binding site in the OLs.
Using schematic diagrams, we illustrate which Zn(II)BLM protons experience significant shifts upon binding to OL1 and OL2, based on the results shown in Table 1 . Figure 2 shows the Zn(II)BLM protons that experience significant shifts (red circles) in the OL1 triads. Figure 3 shows the Zn(II)BLM protons that experience significant shifts (green circles) in the OL2 triads. The protons circled in purple were assigned in the free form of the Zn(II)BLMs, but could not be assigned in their OL-bound forms. Analysis of Figure 2 shows that in the OL1 triads, Zn(II)BLM-A2 and Zn(II)PEP are the least affected Zn(II)BLMs after binding, compared to Zn(II)BLM-B2 and -A5. In general terms, the significant shifts are contained within D2 and D3. The OL1 triads with Zn(II)BLM-A2 and -A5 experience significant downfield shifts of the Hist C2H and C4H protons, respectively. The Ala NH protons is affected in all OL1 triads, however, this signal in the bound Zn(II)BLMs could only be assigned in the Zn(II)PEP-OL1 complex. Additionally, one of the Pyr NH2 protons experiences significant downfield shifts in the Zn(II)PEP-OL1 triad and in both OL2 triads (Figure 3) .
Comparison of Figures 2 and 3 shows that when the Zn(II)BLMs are complexed with the same OL, the chemical and/or magnetic environment of some protons vary based on the C-termini in BLM. However, when the same Zn(II)BLM is bound to both OLs, OL2 has a greater effect on the new environments of the protons in that Zn(II)BLMs than OL1. Specifically, for Zn(II)BLM-A2 and Zn(II)PEP complexed with OL2, many additional protons experience significant shifts, and the affected protons are no longer limited to D2 and D3. For both OL2 triads, many of the D1 protons experience significant shifts. Additionally, the Hist and Ala moieties are greatly shifted in Zn(II)BLM-A2 and Zn(II)PEP, respectively in the OL2 triads. These results indicate that the metal binding domain experiences different environments upon complexation dependent upon the chemical structure of the BLM tail and the BLM-binding site in the OLs.
The spectra acquired for the Zn(II)BLM-DNA triads exhibit signals for the three ligands to the metal center containing protons: Ala NH, Ala NH2, and Mann NH2. The Ala NH proton signal could not be identified for the OL-bound forms of the Zn(II)BLM, except in the Zn(II)PEP-OL1 complex. This result indicates that this ligand is somehow affected by the binding to the OLs, and exhibits a significant ∆δ in Zn(II)PEP upon binding to OL1. Furthermore for both of the OL2 triads under study, one of the Mann NH2 protons shows a significant ∆δ after binding to OL2, in addition to both protons in Ala NH2 for the Zn(II)PEP-OL2 triad. The Hist N1 and NH (deprotonated upon metal coordination) ligands do not generate 1 H-NMR signals, however, the Hist C α H and Hist C2H protons are in close proximity to these ligands. The Hist C2H proton displays significant ∆δs for both OL2 triads, and the Zn(II)BLM-A2-OL1 complex. Additionally, the Hist C α H proton is significantly shifted for the Zn(II)BLM-A2-OL2 triad. These results suggest that there are diverse possibilities for the magnetic and/or chemical environments experienced by the metal coordination cage dependent upon the BLM C-terminus and the DNA binding site.
We continued our analysis of DNA-bound Zn(II)BLMs by looking at how the intra-residue and inter-residue intramolecular NOEs for each of them are affected upon binding to the OLs. Figure 4 shows the inter-residue intramolecular NOEs for each Zn(II)BLM before complexation with the OLs for samples in H2O at 5 °C (these NOEs are collected in: Zn(II)BLM-A2, Supplementary Analysis of Figure 2 shows that in the OL 1 triads, Zn(II)BLM-A 2 and Zn(II)PEP are the least affected Zn(II)BLMs after binding, compared to Zn(II)BLM-B 2 and -A 5 . In general terms, the significant shifts are contained within D2 and D3. The OL 1 triads with Zn(II)BLM-A 2 and -A 5 experience significant downfield shifts of the Hist C2H and C4H protons, respectively. The Ala NH protons is affected in all OL 1 triads, however, this signal in the bound Zn(II)BLMs could only be assigned in the Zn(II)PEP-OL 1 complex. Additionally, one of the Pyr NH 2 protons experiences significant downfield shifts in the Zn(II)PEP-OL 1 triad and in both OL 2 triads (Figure 3) .
Comparison of Figures 2 and 3 shows that when the Zn(II)BLMs are complexed with the same OL, the chemical and/or magnetic environment of some protons vary based on the C-termini in BLM. However, when the same Zn(II)BLM is bound to both OLs, OL 2 has a greater effect on the new environments of the protons in that Zn(II)BLMs than OL 1 . Specifically, for Zn(II)BLM-A 2 and Zn(II)PEP complexed with OL 2 , many additional protons experience significant shifts, and the affected protons are no longer limited to D2 and D3. For both OL 2 triads, many of the D1 protons experience significant shifts. Additionally, the Hist and Ala moieties are greatly shifted in Zn(II)BLM-A 2 and Zn(II)PEP, respectively in the OL 2 triads. These results indicate that the metal binding domain experiences different environments upon complexation dependent upon the chemical structure of the BLM tail and the BLM-binding site in the OLs.
The spectra acquired for the Zn(II)BLM-DNA triads exhibit signals for the three ligands to the metal center containing protons: Ala NH, Ala NH 2 , and Mann NH 2 . The Ala NH proton signal could not be identified for the OL-bound forms of the Zn(II)BLM, except in the Zn(II)PEP-OL 1 complex. This result indicates that this ligand is somehow affected by the binding to the OLs, and exhibits a significant ∆δ in Zn(II)PEP upon binding to OL 1 . Furthermore for both of the OL 2 triads under study, one of the Mann NH 2 protons shows a significant ∆δ after binding to OL 2 , in addition to both protons in Ala NH 2 for the Zn(II)PEP-OL 2 triad. The Hist N1 and NH (deprotonated upon metal coordination) ligands do not generate 1 H-NMR signals, however, the Hist C α H and Hist C2H protons are in close proximity to these ligands. The Hist C2H proton displays significant ∆δs for both OL 2 triads, and the Zn(II)BLM-A 2 -OL 1 complex. Additionally, the Hist C α H proton is significantly shifted for the Zn(II)BLM-A 2 -OL 2 triad. These results suggest that there are diverse possibilities for the magnetic and/or chemical environments experienced by the metal coordination cage dependent upon the BLM C-terminus and the DNA binding site.
We continued our analysis of DNA-bound Zn(II)BLMs by looking at how the intra-residue and inter-residue intramolecular NOEs for each of them are affected upon binding to the OLs. residues in D1, D2, and D4, indicating a more compact folded structure than Zn(II)BLM-B2 and -A5. Also indicative of a folded structure are the inter-residue intramolecular NOEs between D1 and D2, as well as between D4 and D2 observed for all Zn(II)BLMs. One of these NOEs connects Hist C2H to Threonine (Thr) CH3, which interestingly is present for all OL1 triads, but neither of the OL2 triads (Figures 5 and 6 ). Comparison of Figures 5 and 6 shows many substantial differences in the conformations of the Zn(II)BLMs when bound to the two OLs. This fact based on the number and differences in the native and new NOEs that each bound Zn(II)BLM displays. Some of the new NOEs in the two OL2 triads are connecting D1 and D3, which is also observed in the Zn(II)BLM-A5-OL1 complex. Examination of Zn(II)PEP bound to both OLs shows that there is a greater reduction in the number of native NOEs when this Zn(II)BLM is complexed with OL2, which is significant around D1. In the free Zn(II)BLMs there is a multitude of NOEs connecting Ala protons with D4 and Hist protons. These NOEs suggest that D1 and D4 are involved in metal ion coordination. The limited number of these connections that remain after the Zn(II)BLMs bind to the OLs provide evidence suggesting that this segment has rearranged upon complexation to the OLs and each Zn(II)BLM-OL triad displays different conformations for it. 6 shows many substantial differences in the conformations of the Zn(II)BLMs when bound to the two OLs. This fact based on the number and differences in the native and new NOEs that each bound Zn(II)BLM displays. Some of the new NOEs in the two OL 2 triads are connecting D1 and D3, which is also observed in the Zn(II)BLM-A 5 -OL 1 complex. Examination of Zn(II)PEP bound to both OLs shows that there is a greater reduction in the number of native NOEs when this Zn(II)BLM is complexed with OL 2 , which is significant around D1. In the free Zn(II)BLMs there is a multitude of NOEs connecting Ala protons with D4 and Hist protons. These NOEs suggest that D1 and D4 are involved in metal ion coordination. The limited number of these connections that remain after the Zn(II)BLMs bind to the OLs provide evidence suggesting that this segment has rearranged upon complexation to the OLs and each Zn(II)BLM-OL triad displays different conformations for it. The Pyr and Hist moieties show NOEs with the D4 in the free Zn(II)BLMs. Upon complexation to the OLs, changes to these NOEs appear that are diverse for each triad. This fact indicates that there is possible rearrangement of the metal coordination cage upon triad formation. The aforementioned results can be summarized to argue in favor of molecular rearrangement of the Zn(II)BLMs after triad formation. The NOE connections (native and new) present in the triads indicate that OL complexation impact the folding of the Zn(II)BLMs diversely depending on both the preferential binding site in the DNA fragment and the chemical structure of the BLM tail. The Pyr and Hist moieties show NOEs with the D4 in the free Zn(II)BLMs. Upon complexation to the OLs, changes to these NOEs appear that are diverse for each triad. This fact indicates that there is possible rearrangement of the metal coordination cage upon triad formation. The aforementioned results can be summarized to argue in favor of molecular rearrangement of the Zn(II)BLMs after triad formation. The NOE connections (native and new) present in the triads indicate that OL complexation impact the folding of the Zn(II)BLMs diversely depending on both the preferential binding site in the DNA fragment and the chemical structure of the BLM tail. Table 2 displays a summary of the changes exhibited by the Zn(II)BLMs upon binding to the The Pyr and Hist moieties show NOEs with the D4 in the free Zn(II)BLMs. Upon complexation to the OLs, changes to these NOEs appear that are diverse for each triad. This fact indicates that there is possible rearrangement of the metal coordination cage upon triad formation. The aforementioned results can be summarized to argue in favor of molecular rearrangement of the Zn(II)BLMs after triad formation. The NOE connections (native and new) present in the triads indicate that OL complexation impact the folding of the Zn(II)BLMs diversely depending on both the preferential binding site in the DNA fragment and the chemical structure of the BLM tail. Table 2 displays a summary of the changes exhibited by the Zn(II)BLMs upon binding to the OLs. Examination of this table indicates that there is a significant difference between the conformations of Zn(II)PEP when complexed with OL 1 and OL 2 . Only 44% of the native inter-residue intramolecular NOEs remain when bound to OL 1 , but that percentage decreases to 13% when bound to OL 2 . This trend is not displayed by bound Zn(II)BLM-A 2 , the percentages being 43% for OL 1 and 38% for OL 2 . The finding that there is a difference between the parameters shown in Table 1 when Zn(II)BLMs are bound to different OLs are compared indicates that the DNA-binding site has an impact on the final conformation of the drug. When comparing OL 2 triads, it can be seen that Zn(II)PEP conserves a significantly smaller amount of connections than Zn(II)BLM-A 2 , with the percentages being 13% and 38%, respectively. This result could be interpreted to suggest that the chemical structure of the BLM-tail has an effect on the final conformation of the bound drug. 
Discussion
We have previously investigated the diverse levels of disruption caused by Zn(II)BLMs with different C-termini to DNA hairpins containing 5 -GC-3 (OL1) [50] and 5 -GT-3 (OL2) [51] binding sites. The results of this investigation indicated that, in the presence of different Zn(II)BLMs, both OLs display different patterns of intramolecular NOE connectivities and 1 H-NMR signal shifting suggesting that they exhibit different solution conformations in their Zn(II)BLM-bound forms. The overall conclusion derived from the precedent research is that the spatial conformation of target DNA segments in DNA-Zn(II)BLM complexes could be forged by interactions between drug and DNA, that are guided by the DNA binding site and the BLM C-termini.
The information presented herein is focused on the structural disturbances displayed by the same four Zn(II)BLMs that take place after these molecules bind to the aforementioned OLs. We have found that globally, OL 2 causes a greater degree of disturbance to the Zn(II)BLM structures than OL 1 , just as the structure of OL 2 was more disturbed upon binding to the Zn(II)BLMs than that of OL 1 [50, 51] . Additionally when complexed with OL 1 , the shifts of the protons and the inter-residue NOE network of Zn(II)PEP were affected the least followed by Zn(II)BLM-A 2 and -B 2 , with Zn(II)BLM-A 5 being the most affected; which is in direct correlation to the effects of these Zn(II)BLMs on the OL 1 structure [50] . We separate our discussion of the structural changes observed in the different Zn(II)BLMs based on the BLM domains indicated in Figure 1. 
Bithiazole (D3)
The DNA-binding domain (D3) in MBLMs has been the focal point of the investigation of many MBLM-DNA triads, due to its ability to closely interact with the DNA bases. The interactions between the Bit moiety and various DNA fragments have been interpreted to highlight a particular binding mode of different MBLMs to DNA [36] . Examination of Figure 4 shows that all Zn(II)BLMs described herein exhibit NOEs connecting the Bit C α H 2 and NH protons to other residues in the metal complex before DNA binding occurs. After triad formation, the number of inter-residue intramolecular NOEs displayed by these protons is notably reduced, with the greatest effect occurring in the Zn(II)BLM-OL 2 triads, suggesting that the DNA-binding site has an effect on the location of D3 relative to the rest of the BLM molecule. The NOE networks for the Zn(II)BLM-A 2 , -B 2 , and Zn(II)PEP in the OL 1 triads show that the Bit C α H 2 protons remain in close contact with the Ala NH 2 protons, one of the ligands involved in metal ion coordination. Meanwhile, Bit C α H 2 protons are in close contact with a couple of the sugar protons in the Mann moiety for the Zn(II)BLM-A 5 -OL 1 complex, suggesting a different conformation of the linker. The Mann NH 2 protons are involved in metal ion coordination as well, and thus the Bit C α H 2 protons are in a different location with respect to the coordinated metal center in this triad. These results suggest that the relative locations of D1 and D3 change upon triad formation, depending on the C-terminus in BLM.
In its OL 1 triad, the Bit C α H 2 in Zn(II)PEP exhibit NOEs with Ala NH 2 and Pyr C α H 2 , while the Bit NH shows NOEs with two Thr protons. The aforementioned Bit C α H 2 NOEs have disappeared in the OL 2 triad for this Zn(II)BLM, and the Bit NH to Thr NOEs are different. Previously we have shown that the binding affinity of Zn(II)PEP is greater for OL 2 than for OL 1 [51] and thus the binding interaction of the Bit moiety is likely different when involving the two preferential binding sites. For both Zn(II)BLM-A 2 triads, the Bit C α H 2 protons are in close contact with the Ala NH 2 protons. On the other hand the NOEs between Bit NH and Thr C α H and C β H, and Val C γ CH 3 in the OL 1 triad are missing in the OL 2 triad for this Zn(II)BLM. Based on these results we can propose that the conformation of the linker in BLM is also affected by the DNA-binding site.
C-termini (D3)
Before complexation to the OLs (Figure 4) , Zn(II)BLM-A 2 displays one inter-residue intramolecular NOE between Bit C α H 2 and the C γ H 2 protons of the tail, and Zn(II)PEP has multiple NOE connections connecting the metal binding domain and the tail. On the other hand, Zn(II)BLM-B 2 and -A 5 do not exhibit any inter-residue intramolecular NOEs involving tail protons. These results seem to indicate a high level of flexibility in solution for this region of the free Zn(II)BLM molecules. Upon complexation with OL 1 , the inter-residue intramolecular connections of the tails in Zn(II)PEP and Zn(II)BLM-A 2 are no longer detected. However, there are two new NOEs for Zn(II)BLM-A 5 with the metal binding domain ( Figure 5 ). Complexation of Zn(II)BLM-A 2 and Zn(II)PEP to OL 2 ( Figure 6 ) leads to multiple NOEs involving the tail protons in the A 2 triad, and one of these NOEs for the PEP triad. These results suggest that after the Zn(II)BLMs bind OL 1 and OL 2 , the BLM tails are positioned differently with respect to the rest of the BLM moieties depending on the OL available and possibly their chemical structures. In our previous studies involving the conformational changes of OL 1 and OL 2 in the presence of the Zn(II)BLMs discussed herein [50, 51] , we proposed that the conformation of each Zn(II)BLM-bound OL will be affected depending on the C-terminus of each Zn(II)BLM and the binding site present in each OL (5 -GC-3 vs. 5 -GT-3 ). If the tail location in bound Zn(II)BLMs is a consequence of the final conformation of the corresponding OL, or the interactions of D3 with the DNA helix remains to be demonstrated.
Linker (D2)
The linker region has previously been identified to contribute to the efficiency of DNA cleavage by bleomycin, and is necessary for promoting a compact structure [52] . In the present study, we have shown that the linker region is greatly affected upon binding to both DNA hairpins. For all OL-bound Zn(II)BLMs, the protons in the linker region exhibit some of the most significant ∆δs calculated (Table 1) , with Zn(II)BLMs bound to OL 2 showing the greater effect on their chemical shifts. As it can be seen in Table 1 , the Val C α H proton displays upfield shifts for Zn(II)BLMs bound to OL 1 . On the other hand the ∆δs calculated for this proton for Zn(II)BLMs bound to OL 2 show downfield shifting. The Val C β H and C γ H protons all shift downfield upon OL complexation, with the most significant shifts observed for drugs complexed with OL 2 . Significant changes in the chemical shifts of the linker protons are expected upon OL complexation, due to the different roles attributed to D1 (metal binding) and D3 (DNA binding) in the presence of DNA. However, it is clear from the results presented herein that the chemical and/or magnetic environment experienced by these protons depends on the C-terminus of each drug and the binding site available. Previous studies have reported that the Val C α H has a significant upfield shift for MBLMs when complexed with DNA, and it is most likely indicative of a structural change in the BLM molecule rather than being involved in DNA base pair stacking [36, 53] . Although, studies involving HOO-Co(III)BLM-A 2 complexed to DNA fragments containing 5 -GC-3 and 5 -GT-3 binding sites report a significant downfield shift for this proton [38, 41] . It is possible that the metal center (Co(III) vs. Zn(II)) also has an effect on the chemical and/or magnetic environment this proton is exposed to after DNA binding.
The [35, 37, 54] . Our results show that the folding of OL-bound Zn(II)BLMs seem to depend on the C-termini in BLM and the DNA-binding site.
Metal Binding Domain (D1)
The metal binding domain is of great interest due to its chemical interaction with DNA during DNA cleavage by MBLMs [9] . Examination of Table 1 shows interesting differences between OL 1 -and OL 2 -bound Zn(II)BLMs. OL 1 -bound Zn(II)BLM-A 2 , Zn(II)PEP, and Zn(II)BLM-A 5 display significant downfield shifts of the Hist C2H, Pyr NH 2 and Ala NH, and Hist C4H, respectively. When the same Zn(II)BLMs are bound to OL 2 , the Hist C2H downfield shift increases, and other protons in the Hist, Pyr, and Mann moieties show significant shifts for Zn(II)BLM-A 2 . For Zn(II)PEP, additional protons in the Ala and Hist units are significantly shifted, together with Mann and Gul protons. Comparison of the significant shifts generated when all four Zn(II)BLMs bind to OL 1 indicated that just a few protons change their shifts among OL 1 -bound Zn(II)BLMs. On the other hand, comparison of the ∆δs calculated for OL 2 -bound Zn(II)BLM-A 2 and Zn(II)PEP present a different picture for these two Zn(II)BLMs in terms of the chemical and/or magnetic environment their D1 protons experience. Based on these results we can propose that OL 2 has a stronger influence on the environment of D1 than OL 1 . Additionally, we can see that binding to OL 2 significantly affects the shifts of the Hist moiety in Zn(II)PEP, and the disaccharide unit in Zn(II)BLM-A 2 , which could be interpreted to indicate that each BLM anchor itself differently to the same DNA-binding sites.
Before binding to the OLs, D1 in the free Zn(II)BLMs displays a multitude of NOEs connecting it to the disaccharide, linker, and, in some cases, the BLM tail. This fact indicates that the Zn(II)BLMs are folded in solution. Comparison of Figures 4-6 shows that the network of NOEs displayed by D1 is greatly simplified (only a few native NOEs remain) after the Zn(II)BLMs bind to the OLs, with OL 2 causing more extensive simplification than OL 1 . The remaining native and the new NOEs that arise after OL binding are different for each Zn(II)BLM (Figures 5 and 6) . Additionally, comparison of the OL 1 and OL 2 -bound Zn(II)BLMs indicates that the binding site in OL also has an effect on the folding of the Zn(II)BLM molecule. The Pyr and Ala moieties remain connected to each other in the OL-bound forms of the drug, although through less NOEs than in the free forms, possibly due to their closeness in the chemical structure of the BLM molecule. On the other hand, the NOE connectivities of these moieties to the disaccharide and Hist units are more tenuous, hinting slight distortions of the metal-coordination cage that are different depending on the Zn(II)BLM and the DNA-binding site. Connections between D1 and the BLM tails are scarce in OL 1 -bound forms of the drug (only observed for Zn(II)BLM-A 5 ), and are found in both forms of the OL 2 -bound drugs. The extensive simplification of the NOE network in the OL 2 -bound Zn(II)BLMs is consistent with more protons in Zn(II)BLM triads exhibiting significant shifts.
Based on the results of the investigation discussed herein, we are prone to propose that the different anchors (DNA-binding domains) used by each BLM to bind DNA, and the available DNA-binding site can produce different folding of the rest of the BLM molecule around the OLs. It is possible that the interactions of each BLM with specific DNA-binding sites could change upon binding, to arrange the MBLM molecule to achieve the best conformation for optimal DNA binding and cleavage.
Previous studies of Zn(II)BLM-A 2 and -A 5 bound to a DNA fragment of sequence d(CGCTAGCG) 2 [37] reported to observe more structural disturbance of the Zn(II)BLM-A 5 structure than that of Zn(II)BLM-A 2 . These findings are corroborated by the results described herein. On the other hand, Vanderwall et al. investigated the deviations to the HOO-Co(III)BLM-A 2 structure when complexed with both 5 -GC-3 and 5 -GT-3 binding sites, and concluded that the binding site did not significantly affect the MBLM structure [38, 43] . The evidence provided here shows dramatic differences of the Zn(II)BLM structure upon complexation with both binding sites. It is possible that the metal ion coordinated to the BLM could be causing the differences in the results of both investigations, and the influence of the metal center on the structure of the DNA-bound MBLM is a task worth taking.
In our series of studies on the conformational changes exhibited by OLs [50, 51] and Zn(II)BLMs upon the formation of Zn(II)BLM-OL triads, we have provided molecular information on the deviations of the DNA and Zn(II)BLM structures upon triad formation with consistency and comparability. We have found that the C-termini and the DNA-binding site have an effect on the conformations of both the OL and the BLM molecule, with the 5 -GT-3 binding site showing the most dramatic changes. At this point in our investigation, we cannot directly correlate the degree of disturbance in the Zn(II)BLM and DNA structures to the level of pulmonary toxicity produced by each of the BLMs considered. However, it is interesting that when comparing the effect of the C-substituents on the conformations of OL 1 (5 -CG-3 binding site), Zn(II)PEP and Zn(II)BLM-A 5 produced the lowest and highest levels of disturbance to this OL, respectively. Additionally when complexed with OL 1 , the shifts of the protons and the inter-residue NOE network of Zn(II)PEP were affected the least followed by Zn(II)BLM-A 2 and -B 2 , with Zn(II)BLM-A 5 in order of increasing disturbance. PEP and BLM-A 5 are in the opposite ends of the toxicity spectrum of BLMs, with PEP reported to have a lower degree of pulmonary toxicity [32, 34, 55, 56] , and BLM-A 5 with a high level of toxicity [26] [27] [28] [29] [30] [31] . Based on these results, it is tempting to propose a possible connection between the level of disturbance of both target and drug upon triad formation, and that of pulmonary toxicity resulting from the use of different BLMs in cancer chemotherapy. A better understanding of the molecular mechanism of MBLM-DNA complexes is necessary to advance the development of analogs of bleomycin with lower pulmonary toxicity levels and higher therapeutic activity. 
Materials and Methods

BLM-
NMR Sample Preparation
BLM samples, 1.95 µmol, were dissolved in 650 µL of D 2 O. A 0.12 M aqueous solution of ZnSO 4 ·7H 2 O was mixed with the BLM solution to achieve a 1:1 molar ratio of Zn(II):BLM. The pH (meter reading uncorrected for the deuterium isotope effect) was adjusted to 6.5 with a 0.1 M NaOD solution. DNA, 0.335 µmol, was dissolved in 603 µL D 2 O, and 67 µL of a 200 mM NaCl solution was added. The pH adjusted to 6.5 for the DNA samples. The Zn(II)BLM solutions were titrated with the DNA samples until a 1:1 molar ratio for the Zn(II)BLM:DNA complex was achieved. 1D 1 H-NMR spectra were used to monitor the changes in the complex formation. No additional changes in the 1D spectra were observed once a 1:1 molar ratio was achieved. Zn(II)BLM and DNA samples in 90% H 2 O/10% D 2 O (referred to as spectra in H 2 O) were prepared by analogous procedures.
NMR Spectra Collection
NMR spectra were acquired at 600 MHz on a Bruker AVANCE III 600 spectrometer (Bruker BioSpin Corp, Billerica, MA, USA) with a 5.0 mm multi-nuclear broad-band observe probe. Spectra were acquired at both 278 K and 298 K for all samples, and were referenced to HDO and H 2 O as internal standards. Two-dimensional experiments including correlation spectroscopy (COSY), totally correlated spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy (NOESY) were acquired utilizing solvent suppression achieved by excitation sculpting with gradients. The mixing times for the experiments were as follows: TOCSY 40 ms, and NOESY 200 ms. The spectral width was set to 10 ppm for D 2 O samples and 20 ppm for H 2 O samples in both dimensions, and 512 t 1 points were acquired with 2048 complex points for each free induction decay (FID). The number of scans for t 1 point for the experiments were as follows: 48 for COSY, 32 for TOCSY, and 48 for NOESY. All spectra were Fourier transformed using Lorentzian-to-Gaussian weighting and phase-shifted sine-bell window functions. NMR spectra were processed and analyzed using Topspin3.0 (Bruker BioSpin Corp., Billerica, MA, USA) and NMR ViewJ software (One Moon Scientific, Inc., Westfield, NJ, USA).
Conclusions
We have examined the structural changes of Zn(II)BLM-A 2 , -A 5 , -B 2 , and Zn(II)PEP upon complexation with DNA hairpins of sequences 5 -AGGCCTTTTGGCCT-3 and 5 -CCAGTATTTTT ACTGG-3 . The information here complements the findings we have presented on) how both the BLM C-termini and DNA binding site cause diverse conformational changes to the same DNA hairpins upon complexation with Zn(II)BLMs. These studies provide consistency and comparability missing in the field of BLM research. We have found that after Zn(II)BLM-DNA triad formation, not only is the DNA structure diversely affected, but the BLM structure is also disturbed, possibly to accommodate to that of the corresponding OL. When comparing the effect of different Zn(II)BLMs bound to the same OL, we found that the C-termini has an effect on both the shifting of protons in the OL and Zn(II)BLM, and the network of native NOEs present in each molecule. Additionally, binding of the same Zn(II)BLMs to OL 2 (5 -GT-3 binding site) indicates that the binding site in DNA has an effect on the conformations of the OL and BLM molecules.
The work presented herein and that discussed in our studies of the conformation of MBLM-DNA triads containing the 5 -GC-3 and 5 -GT-3 binding sites [50, 51] will be used as the diamagnetic analogs in future studies to be performed in our laboratory to investigate the structural changes to both the DNA hairpins and Fe(II)BLM. The mentioned studies have to goal of probing the effect of the metal center in MBLM-DNA interactions. Extensive detailed research on the mode of binding of MBLMs to DNA will hopefully provide direction for designing studies to result in correlations between pulmonary toxicity and the MBLM-DNA interaction.
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